Activation of hormone receptors was recently found to evoke oscillations of the cAMP concentration ([cAMP] 
cAMP oscillations restrict protein kinase A redistribution in insulin-secreting cells Introduction
Spatial compartmentalization and temporal dynamics of messenger signals are important determinants of specificity in signal transduction [1] . In many cases, the concentration of second messengers or signalling proteins has been found to oscillate. Advantages of encoding mechanisms that use changes in amplitude, frequency and duration to control various cellular processes have been particularly well described for Ca 2+ [2, 3] . In addition to improving detection of low-level signals and increasing signalling specificity, oscillatory signals cause less desensitization and limit diffusional spread of the signal within the cell. In contrast with the well-characterized Ca 2+ signals, little is known about cAMP, mainly because of difficulties in measuring its concentration in individual cells. We recently developed a ratiometric evanescent wave microscopy approach to monitor [cAMP] beneath the plasma membrane and found that insulinsecreting β-cells responded to the insulinotropic hormones glucagon and GLP-1 (glucagon-like peptide-1) with pronounced [cAMP] oscillations [4] .
In β-cells, cAMP promotes Ca 2+ signalling and exocytosis. In addition to potentiating insulin release, GLP-1 is involved in the regulation of β-cell development, growth and survival [5] . In order to investigate whether cAMP oscillations contribute to selective target activation in insulinsecreting cells, we investigated the effect of different [cAMP] Key words: calcium, cAMP, fluorescein arsenical helix binder (FlAsH), glucagon-like peptide-1, insulin, protein kinase A (PKA). 
Results and discussion
[cAMP] oscillations in insulin-secreting cells [cAMP] indicates that the cAMP effector(s) are closely adjacent to the Ca 2+ channels. Indeed, A-kinase-anchoring proteins have been found to target PKA to Ca 2+ channels in neurons [9] and other types of cells [10] . Similar macromolecular signalling complexes probably exist in β-cells. Disruption of PKA anchoring has been found to block cAMP-mediated increases in Ca 2+ and insulin secretion in islets and clonal insulin-secreting cells [11] .
Sustained elevation of [cAMP] is required for nuclear translocation of PKA
Nuclear translocation of the PKA catalytic subunit in response to elevation of [cAMP] was assessed by tagging the PKA-Cα catalytic subunit with a small tetracysteine motif (Cα-Cys 4 ) that can be specifically labelled with the membrane-permeable fluorescent biarsenical dye FlAsH (fluorescein arsenical helix binder) [12] . In contrast with the YFP-labelled protein, Cα-Cys 4 is small enough to permeate the nuclear pores. Imaging of FlAsH-labelled 4 to the nucleus (nuclear/cytoplasmic ratio = 0.90 ± 0.03, n = 65, P < 0.001). In contrast, [cAMP] oscillations generated by 1 min application of 100 µM IBMX followed by 3 min wash was without effect on the distribution of Cα-Cys 4 (ratio = 0.68 ± 0.02, n = 63) even after more than 100 min when the cells had been treated with IBMX for a similar total duration. The different efficiencies between stable and oscillatory [cAMP] elevation to induce nuclear PKA translocation were not due to the use of different timeaverage concentrations, as 25 µM constant IBMX (equivalent to 100 µM pulsatile) readily induced Cα-Cys 4 translocation (ratio = 0.89 ± 0.05, n = 20; Figure 2B ).
Significance of [cAMP] oscillations
Since cAMP is involved in many signalling pathways, selective target activation can result from coincident additional pathways or from effector proteins that selectively decode the amplitude and timing of cAMP signals. Whereas the cAMP-induced dissociation of the regulatory and catalytic subunits of PKA occurs very fast (t1 / 2 seconds), the free PKA catalytic enters the nucleus via diffusion with t1 / 2 in the order of tens of minutes [13] . The fast activation of PKA in combination with slow nuclear entry can explain the present finding that brief transients of [cAMP] are sufficient to trigger [Ca 2+ ] i signals, whereas prolonged elevation of [cAMP] is required for Cα translocation into the nucleus. As long as the duration of the [cAMP] elevations is shorter than the time required for nuclear entry, PKA activity will be confined to the cytoplasm. Such a temporal filtering mechanism allows short-lived increases in [cAMP] to selectively regulate local cytoplasmic events, such as receptor and ion-channel activity or exocytosis ( Figure 2C ). Only long-lasting [cAMP] elevations will induce distant effects, such as regulating CREB (cAMP-response-element-binding protein) and other nuclear transcription factors known to be important for cell growth and survival [14] .
